INTRODUCTION
Over the past four decades, dengue disease has become recognized as the world's most important mosquito-borne viral disease, emerging in countries previously considered free of disease and reemerging in countries where the disease was once controlled. 1, 2 Inadequate mosquito control and increasing urbanization and air travel have placed an estimated 3 billion inhabitants of the world's tropical areas and roughly 120 million travelers at risk of dengue infection each year. [2] [3] [4] [5] Globally, the projected number of annual dengue infection cases is 50-100 million, with approximately 24,000 deaths, mainly in children, and an estimated annual burden of 750,000 disability-adjusted life years (DALYs). 3, [5] [6] [7] [8] [9] [10] About 36 million symptomatic cases are estimated to occur annually. 11 The case of the Americas is of special interest. From the 1950s to the 1970s, the Americas were a virtually dengue-free zone because of the eradication of Aedes aegypti (the principal vector of dengue in this continent) in a continent-wide vector control campaign. Combined with the campaign's interruption in the early 1970s, the acceleration of uncontrolled urbanization with its associated waste management problems in many Latin American cities contributed to the extensive distribution of Ae. aegypti and the return of dengue virus circulation. 1, 7, [12] [13] [14] [15] During the last two decades, all tropical areas of Central and South America, as well as most of the Caribbean, have experienced a sharp increase in the incidence of both dengue fever (DF) and dengue hemorrhagic fever (DHF): almost 3 million dengue cases were officially reported in the Americas for the period of 2001-2005 compared with 2.1 million cases for the period of 1995-1999. 14, [16] [17] [18] Dengue ranks fifth in the list of neglected tropical diseases in the Americas in terms of DALYs. 19 However, with weak, passive surveillance systems, the true burden may be underestimated. Serological surveys suggest the occurrence of millions of dengue infections annually in the region. 9, 14, [20] [21] [22] [23] Additionally, epidemic dengue occurs cyclically every 3-5 years, with evidence suggesting an increase in the magnitude and severity of cases with each new epidemic. 2, 9, 24, 25 The few economic and social evaluations of dengue published to date provide empirical estimates for only one or a small number of countries, and comparisons are limited by important methodological differences. 4, 9, [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] The cost of dengue has not been estimated at the scale of the American continents. Such estimates, which are available for several other vaccinepreventable diseases, are useful for developers of drugs, vaccines, insecticides, and novel insect control approaches as well as international donors and national governments to prioritize their efforts. [36] [37] [38] [39] To help address this need, this paper estimates of the economic costs and DALYs lost because of this disease in the Americas.
MATERIALS AND METHODS
Five major components are needed for estimating the economic and disease burden of a disease from a societal perspective: (1) the number of reported dengue cases, (2) the degree of underreporting, (3) the direct and indirect costs per case, (4) the DALY burden per case, and (5) the country's demographic information.
Reported dengue cases. The number of dengue cases was obtained from the Pan American Health Organization (PAHO), the regional body of the World Health Organization (WHO) responsible for the 35 nations and 9 territories of the Americas. 16 Dengue is subject to important year to year variations in incidence. To stabilize the projections, estimations reported in this paper were based on the average of DF, DHF, and fatal cases reported over the period of 2000-2007 under the PAHO case definition. 18 Countries were divided into six subregions: North America (United States of America and Canada), Central America and Mexico, the Andean region (Bolivia, Colombia, Ecuador, Peru, and Venezuela), Brazil, the Southern cone (Argentina, Chile, Paraguay, and Uruguay), and the Caribbean region. Reported dengue cases (DF and DHF) are presented in Figure 1 .
The age distribution of cases, required for the estimation of DALYs and indirect cost of deaths, was available for Brazil, Mexico, Costa Rica, El Salvador, Honduras, Colombia, and Venezuela. For other countries in these three subregions, we applied the average country proportions from each subregion. For the three subregions with no country-specific information (Caribbean region, North America, and Southern cone), the average of all seven countries with available data was used. Abstract. The growing burden of dengue in endemic countries and outbreaks in previously unaffected countries stress the need to assess the economic impact of this disease. This paper synthesizes existing studies to calculate the economic burden of dengue illness in the Americas from a societal perspective. Major data sources include national case reporting data from 2000 to 2007, prospective cost of illness studies, and analyses quantifying underreporting in national routine surveillance systems. Dengue illness in the Americas was estimated to cost $2.1 billion per year on average (in 2010 US dollars), with a range of $1-4 billion in sensitivity analyses and substantial year to year variation. The results highlight the substantial economic burden from dengue in the Americas. The burden for dengue exceeds that from other viral illnesses, such as human papillomavirus (HPV) or rotavirus. Because this study does not include some components (e.g., vector control), it may still underestimate total economic consequences of dengue.
Dengue surveillance and underreporting. Routine surveillance systems do not capture all dengue cases. 20 To estimate the actual number of cases, reported cases need to be multiplied by a correction or expansion factor (EF), which represents the degree of underreporting. 40 We identified five field studies in four American countries that provided sufficient information to estimate the underreporting rate ( Table 1 ) . Reporting of hospitalized cases (the severest cases) is relatively complete (range = 1.4-3.4). [41] [42] [43] Reporting of milder, ambulatory cases is less complete. In a study in Nicaragua, combining all types of dengue cases, the EF ranged from 14 to 28. 44 In addition to these five field studies, other authors provide estimates of underreporting. Luz and others 45 recommended EFs for Brazil ranging from 1 to 10 for endemic years and from 0.3 to 10 for epidemic years using uniform distributions (central values = 5.5 and 5.15). Armien and others 27 used an EF of 6 in estimating the costs of Panama's 2005 dengue epidemic. Meltzer and others 35 used an EF of 10 for 0-to 15-yearold children and an EF of 27 for older children and adults in Puerto Rico.
We defined two EFs per country-one (EF1) for hospitalized and fatal cases and a second (EF2) for cases managed entirely in an ambulatory setting-and applied extensive sensitivity analyses to account for the uncertainty of these estimations. In countries with empirical estimates, EFs were defined in accordance with existing data. EF1 was set at 1.6 (range = 1.4-3.0) for Brazil, 2.3 (range = 1.4-3.3) for Colombia, Panama, and Nicaragua, and 2.4 (range = 2.3-3.4) for Puerto Rico. EF2 was set at 5 (range = 2.1-10) for Brazil, 9 (range = 4.5-18) for Colombia, 20.4 (range = 16-28) for Nicaragua, 6 (range = 3-12) for Panama, and 15 (range = 10-27) for Puerto Rico. In countries without empirical estimates, we used average expansion factors of 2.3 (range = 1.4-3.3) for EF1 and 15 (range = 9-28) for EF2.
Dengue costs per case. We conducted a systematic literature review for articles on dengue costs published through December 2009 using PubMed with keywords dengue and economics. From the 48 articles retrieved, 8 articles provided data covering nine locations in the Americas: Argentina, 30 Brazil, 4 Cuba, 9, 28, 31 El Salvador, 4 Guatemala, 4 Nicaragua, 9 Panama, 4, 27 Puerto Rico, 9, 32 and Venezuela. 4, 26 We also included a recent study about Puerto Rico presented at an international conference. 46 Methodological variability limits the comparability of the data. Three studies were retrospective analyses of the costs of a large epidemic. 28, 31, 32 Three other studies retrospectively estimated costs of infections from official records. 26, 29, 30 One of these publications is a literature review, 9 and two publications share cost data for Panama. 4, 27 The review found that available cost data were very limited. Also, the studies varied in approach and scope and were impacted by differences among the countries' health systems and economies. 47, 48 To develop consistent and comprehensive estimates, we needed to rely on studies that included both direct and indirect costs and funding from all sources (households, governments, and employers). Our analysis, therefore, focused on the results of two prospective cost studies for cost per dengue case: a large study with data corresponding to the year 2005 for Brazil, El Salvador, Guatemala, Panama, and Venezuela and a study performed in 2009 in Puerto Ricoconducted with similar methods as source countries. 4, 46 Both studies documented direct medical, direct non-medical, and indirect costs of dengue cases treated in hospital or ambulatory settings. For these six source countries, we updated the originally reported costs to 2010 US dollars (US$) using International Monetary Fund (IMF) statistics. 49 For all other (target) countries, we used the average costs observed in source countries corrected for differences in purchasing power and cost structure ( Figure 2 ).
We corrected for international differences in medical costs using the WHO -CHOosing Interventions that are Cost Figures in parentheses correspond to 95% confidence intervals assuming a binomial distribution for sensitivity analysis.
Effective (CHOICE) database. 50 For hospital cases, the correction factor was based on the cost per hospitalization day, and for ambulatory cases, the correction factor was based on the cost per consultation in health centers (ratio of costs in target and source countries expressed in 2010 international dollars [I$]). Indirect costs were corrected for differences in income using the ratio of income per capita (expressed in I$) calculated using IMF statistics. 49 Direct non-medical costs were corrected only for differences in purchasing power. Uncertainty in cost per dengue was accounted for by using the standard deviations observed in the multicountry cost study. 4 We, therefore, assumed that cost per case followed a normal distribution, with coefficients of variation of 51% for ambulatory cases and 78% for hospitalized cases. All final results were expressed both in 2010 US$ and 2010 I$.
Consistent with reported observations, we considered that all DHF cases are treated in an inpatient hospital setting and that most (i.e., 90%; range = 80-100% in sensitivity analyses) DF cases are managed in an ambulatory setting. 4 The economic cost of deaths was estimated using the human capital approach based on productivity losses. 51 For each dengue death, the number of discounted life years lost was based on the age distribution of dengue deaths and remaining life expectancy at those ages in each country, which was obtained from WHO life tables. 52 Productivity losses were calculated by weighting the discounted life years lost by the country-specific gross domestic product (GDP) per capita and using a 3% discount rate. 49 Finally, the total cost of dengue illness in each country was obtained by combining data on unit cost per case with the corresponding number of cases corrected for underreporting. DALY calculations. Disease burden was expressed in terms of standard DALYs and calculated in accordance with methods developed by WHO. 53 The total number of years of life lost because of dengue-related death was estimated using the age distribution of dengue cases and age-and country-specific mortality rates. 52 In accordance with previous studies, disability during non-fatal dengue cases was accounted for considering an average duration of 14 days for DHF (range = 10-18) and 4.5 days for DF (range = 2-7) and a disability weight of 0.81 for both DF and DHF. 35, 45, 54 Demographic data. Results are presented both in absolute numbers and per unit of population (cases per 1,000 people and cost per capita). In all cases, we considered the entire population of the area under consideration for the results expressed per unit of population. Demographic data were drawn from international statistical databases of the US Census Bureau. 55 Sensitivity analyses. The range of variation of the results of our analysis was assessed using probabilistic sensitivity analysis, 54 including four categories of parameters: (1) the expansion factors (EF1 and EF2) with an associated distribution of triangular form based on country-specific values, (2) the proportion of DF cases treated in a hospital setting with a distribution of triangular form (mode = 10%; range = 0-20%), (3) the cost per dengue case using normal distribution with coefficients of variation of 51% for ambulatory cases and 78% for hospitalized cases, and (4) the duration of DF (range = 2-7 days) and DHF cases (range = 10-18 days) with an associated uniform distribution. 45 For each sensitivity analysis, 5,000 Monte Carlo simulations were performed, with independent drawing for each parameter and each country. Results are presented as median values and 95% confidence intervals.
RESULTS
The estimated average annual number of dengue cases for the 2000-2007 period adjusted for underreporting is 5.6 million ( Table 2 ) . Following variations in reported cases, yearly projected numbers varied 3-fold, ranging from 2.6 million cases in 2004 to 7.8 million cases in 2007. Of these, there were an estimated 33,692 DHF cases (representing less than 1%) and an average of 453 deaths per year. Brazil contributed the highest number of cases (2.1 million; i.e., 39% of the total number of cases). Four of the six regions (Brazil, Andean region, Central America and Mexico, and the Caribbean) had similarly high incidence rates of about 1% per year.
The total cost per ambulatory case ranged from US$72 (Cuba) to US$2,300 (Bermuda), with a median value of US$472, whereas the total cost per hospitalized case ranged 45 .5% in North America (but over 60% in the five others subregions). About 60% of dengue costs in the Americas correspond to indirect costs. Most of these indirect costs are related to productivity losses induced by non-fatal dengue cases. Deaths accounted for only a small proportion (2.6%) of total costs of the disease.
The geographic and temporal distribution of costs paralleled the distribution in numbers of reported cases. Geographically, Brazil alone accounted for 40.9% of the total cost of dengue, followed by the Andean region with 25.1%, Central America and Mexico with 17.7%, and the Caribbean with 15.0%. The Southern cone accounted for only 1.2% of the cost, and North America was less than 0.3%. When countries are considered individually, two additional countries stand out as major contributors to the dengue economic burden in the Americas: Venezuela (15%) and Mexico (7%). When costs were calculated separately by year, the annual cost of dengue ranged from $0.9 billion in a low incidence year (2004) to $3.1 billion in a high incidence year (2007) ( Figure 3 ). The two categories of parameters having the strongest impact on the variation of total dengue costs ( Figure 4 ) in sensitivity analyses are (1) the cost per case of ambulatory cases, which generate a variation of total dengue costs from −55% to +55% and (2) the expansion factors for DF associated with a range of −33% to +40% of total dengue costs. This result is consistent with the fact that ambulatory cases are responsible for the major part of dengue economic burden.
The estimated cost per capita was highest in the four regions with the highest dengue annual incidence (about 1%), ranging from US$2.74 in Central America to US$8.29 in the Caribbean ( Table 4 ) .
The estimated number of DALYs lost each year for the entire region ranged from 45,080 to 115,874, with a median value of 72,277 ( Table 4 ) . Interestingly, the gap between Brazil and other areas is slightly lower when considering this criterion for assessing dengue burden, with 36% of the DALYs lost in Brazil, 28% in the Andean region, and 21% in Central America and Mexico. This result is mainly related to the number of deaths per dengue case (case fatality rate), which, in Brazil, is below the American average (5/100,000 versus 8/100,100). The number of DALYs per million inhabitants is 50-131 for the Americas as a whole or 90-233 if only the four regions at high dengue risk are considered.
The use of international dollars did not substantially modify the rank across regions ( Table 5 ) : Brazil remains the country where the cost of dengue is highest (42% of the total burden), and the Caribbean remains the area with the highest cost per capita (I$8.70). Aggregate costs in I$ are generally higher than their counterparts in US$, reflecting the differences in purchasing power between the United States and most of the American countries in which dengue is highly endemic. For example, aggregate costs for the Americas are I$3.2 billion ( Table 5 ) compared with US$2.1 billion ( Table 4 ) .
DISCUSSION
Our analysis, combining available information on reported cases, levels of underreporting, and cost per case, shows that the annual economic burden of dengue in the Americas is substantial and subject to important year to year variation. About 60% of these costs are because of productivity losses (indirect costs), which affect households, employers, and governments. Brazil is the country with highest number of cases and highest cost, but the economic impact of dengue is substantial in many American countries, with a cost per capita greater than US$2 in four of the six American subregions considered (Andean region, Brazil, the Caribbean, and Central America and Mexico).
To our knowledge, this is the first assessment of the total cost of dengue illness for the Americas. Estimates have, however, been published for selected countries. Armien and others 27 calculated that in 2005, a large epidemic year, dengue cost Panama about US$16 million. Our estimate for Panama is lower (about US$5 million), but our reference period differs (annual average over the 2000-2007 period), and unlike Armien and others, 27 we did not include the cost of vector control efforts. Our estimate for Cuba is also lower than data reported by Guzman and others, 28 but their report examined a year with a very large epidemic (1981). In contrast, annual costs reported by Suaya and others 4 for five countries, Anez and others 26 for Venezuela, and Torres and Castro 9 for Nicaragua were lower than those in our analysis, but none of these authors corrected for underreporting. Comparing the results of different economic studies is a difficult exercise, requiring the understanding of both methodological and epidemiological differences. Our use of the same method in all American countries and the consideration of a reference period encompassing both high and low incidence years can, therefore, be viewed as a strength.
Our estimates of the annual number of DALYs related to dengue are consistent with previous reports, such as the WHO's assessment of the 2004 global burden of disease 53 (73,000 DALYs for the Americas) and the estimate by Hotez and others 19 (69,000 DALYs in 2006 for Latin America and the Caribbean). Comparing our results with those available for individual countries, our estimates are lower than the 658 DALYs per million inhabitants derived by Meltzer and others 35 for Puerto Rico but higher than the 22 DALYs per million inhabitants reported by Luz and others 45 for Brazil, Comparing the human and economic burden of dengue with that of other infectious diseases is informative. Dengue consequences, measured in DALYs, are substantial but lower than the results observed for some other diseases. 53 Hotez and others 19 ranked dengue fifth among neglected tropical diseases. Interestingly, Kim and others 36 for rotavirus and Goldie and others 37 for HPV also provided a point of comparison for countries in the Americas (Bolivia, Cuba, Guayana, Haiti, Honduras, and Nicaragua) eligible for Global Alliance for Vaccines and Immunization (GAVI) programs. The number of DALYs that can be prevented through vaccination against rotavirus (50,000) or HPV (31,000) is greater than the number of DALYs derived for dengue in our analysis for these GAVI countries (8, 000) , and the total cost of both rotavirus and HPV is estimated at I$10 million, which is more than 10-fold lower than the cost of dengue in our analysis (I$124 million). DALY calculations are, in fact, heavily driven by mortality, which fortunately, remains low for dengue (about 100 cases for the six GAVI countries). In absence of vaccination and with vector control as the only strategy to mitigate the spread of disease, dengue causes high incidence and morbidity, which is reflected in overall cost of the disease. Despite the lower number of DALYs, the potential economic attractiveness of vaccination might be as good, if not better, for dengue than for rotavirus or HPV.
The limitations of our analysis should not be overlooked. First, the expansion factors to correct for the underreporting of dengue cases are estimations based on limited datasets and expert opinion. Despite the unknowns, it is nevertheless critical to acknowledge underreporting in cost analyses to avoid systematically underestimating the disease burden. It is welldocumented that routine surveillance systems, despite their critical role in the assessment and monitoring of disease burden, are not designed to comprehensively detect all cases. 56 In such situations, extensive sensitivity analysis and conservative assumptions are advisable. The comparability of our estimations of dengue incidence in the four regions at high dengue risk-from 0.9% to 1.4%-with published data from prospective studies-0.4-1.8% in Nicaragua 56 and 0.8% in Puerto Rico 57 -suggests that our assumed rates of underreporting were realistic.
The second limitation came from the absence of countryspecific cost data for all American countries, which we managed by extrapolating data between countries in subregions and performing sensitivity analysis. Several factors might limit the validity of our extrapolation, including differences in patient and disease characteristics, differences in the national healthcare system, and differences in the overall level of costs. 47, 48 We nevertheless attempted to account for these factors. Specifically, the WHO-CHOICE database 58 was used to consider differences in healthcare cost structure not related to differences in purchasing power. This goes beyond the usual approach based only on the correction of differences in purchasing power. The use of data collected with a consistent methodology is an added advantage in that process.
The third notable limitation is the exclusion of costs associated with dengue prevention (i.e., surveillance and vector control activities). Such costs have been found to add 43% to the cost of dengue in Panama, 27 49% in Puerto Rico, 46 and 39% in Thailand. 59 Data constraints similarly precluded the consideration of the impact of dengue outbreaks on tourism, potentially an important component. 60 Finally, because the impact is often intangible, our analysis did not factor in the disruption to the rest of the health system caused by the seasonal clustering of dengue. For example, in Venezuela, a dengue epidemic country that publishes numbers of cases by week, the highest 13-week period (August 19 through November 17) contained more than three times as many cases (40%) as the lowest 13-week period (March 4 through June 9; only 12%). 59, 61, 62 Therefore, our results may still underestimate the overall economic consequences of dengue, and the cost components excluded from the current analysis deserve study in the future. Finally, if the current trend of increasing dengue burden persists, total dengue costs are likely to grow over time, and the current estimate will need updating in a few years. The major strength of our analysis is presenting estimates of dengue burden for all of the Americas combined as well as providing economic data not previously available for a large number of countries affected by dengue. The use of a consistent methodology for estimating costs in each country also facilitates the comparisons among countries of dengue burden. Our results are conservative, because some important dengue-related costs were not included. Nevertheless, these results enable a useful comparison of the economic consequences of dengue compared with other infectious diseases. The methodology developed here could be applied to dengue in other regions or in future updates. Such extensions would quantify the evolution of dengue in the Americas over time and the comparison of dengue with other conditions. 
